ABSTRACT: Our objective was to evaluate the effectiveness of a low dietary cation-anion balance (DCAB) in preventing milk fever and udder edema in dry cows consuming a high-Ca diet and to evaluate the effect of this diet on calves delivered by these cows. Seventy primiparous or multiparous cows and 50 pregnant heifers were offered alfalfa hay-based diets beginning 4 wk before their projected calving date. Diets contained 1.6% Ca and a DCAB of -3 or +9 mEq/100 g of diet DM. Blood and urine samples were collected weekly from 3 wk prepartum until 3 wk postpartum. Blood samples were collected from calves at parturition and weekly thereafter for 3 wk. Feeding a low vs high DCAB in a high-Ca diet for 3 wk prepartum did not reduce the incidence of milk fever; this lack of response may have been attributable to the relatively low DCAB of each diet and the small difference in DCAB between the two diets. Udder edema seemed to regress more rapidly postpartum for cows that had consumed the low DCAB during the dry period. Test diets fed to prepartum cows did not affect systemic acid-base status or plasma mineral content of their calves, although plasma Ca was somewhat lower for calves from cows consuming a low DCAB and was higher for calves from primigravid cows. Correlations of plasma mineral concentration of the cows with those of their calves were highest for plasma Ca (r = .75; P e .001). We conclude that the prophylactic effects on the occurrence of milk fever of feeding a low DCAB during the dry period may be absent when diets contain >1.6% Ca and DCAB is 2 -3. The cation-anion balance of the diet consumed by dry cows did not affect the acid-base status or plasma mineral content of their calves.
Introduction
lactating dairy cows is similar to the effect of Cl; The dietary cation-anion balance (DCABI equa-hence, DCAB for dairy cows could be calculated as tion for poultry was defined as mEq MNa + KI -mEq [(Na + K) -(C1 + S)l/lOO g of diet DM. The CWlOO g of diet DM by Mongin (1980) . However, concept of lowering DCAB to improve the Ca Tucker et al. (1991a) recently demonstrated that status of lactating dairy cows became popular the effect of S on systemic acid-base status in during the early 1970s (Ender et al., 1971; Dishington, 1975) . Subsequent research has demonstrated that 1) this favorable response is most likely to be observed when cows are in positive Ca balance or are being fed excess Ca aomba et al., 1978) ; 2) a low DCAB increases the flow of Ca through the readily exchangeable Ca pool without altering the size of that pool (Braithwaite, 1972;  Takagi and Block, 1988) ; and, as a result, 3) a low DCAB may be beneficial via increasing the availability of Oetzel et al. (1988) used a combination of NHdCl and (NH4I2SO4 to lower DCAB. They reported that plasma Ca was maintained at higher concentrations with these supplements, presumably due to increased bone mobilization of Ca and(or1 increased absorption of Ca from the gastrointestinal tract. Results have been similar when CaC12 was one of the anionic salts used to lower DCAB (Block, 1984) . In addition to improving Ca status, CaCl2 has a diuretic effect (Merck, 1983 ) that might prove useful to prevent udder edema. Feeding a low DCAB during the dry period completely eliminated the occurrence of milk fever in cows offered diets containing .69% Ca (Block, 1984) and tended to reduce the frequency of milk fever when cows were fed diets containing from .6 to 1.8% Ca (Oetzel et al., 1988; Gaynor et al., 1989; Beede et al., 1991) . Oetzel et al. (1988) also observed that reduction in occurrence of milk fever with a low DCAB was more dramatic with a high vs low dietary Ca concentration.
The effects of feeding different DCAB to young calves has been evaluated (Beighle et al., 1988 (Beighle et al., , 1990 ; however, the effect of the DCAB consumed by pregnant cows on their offspring has not been investigated. Our objectives were to evaluate the influence of feeding a diet with a low DCAB but a high Ca content during the dry period on systemic acid-base status, mineral metabolism, and the occurrence of milk fever and udder edema and to evaluate the effects of these diets on the mineral metabolism and systemic acid-base status of the neonatal calves from these cows.
Materials and Methods

Experimental Design and Treatments
Seventy primiparous or multiparous cows and 50 pregnant heifers were offered sorghum silage and concentrate (PRETRIAL, Table 1) in a total mixed diet, in addition to grazing bermudagrass from the cessation of lactation until 4 wk prepartum. Beginning 4 wk & 3 d before their projected calving date, we fed an alfalfa hay-based adaptation diet (HI-BAL, Table 11 for 1 wk. The HI-BAL diet was fed for 1 wk to facilitate adjustment to an alfalfa-based diet. At 3 wk prepartum, animals blocked by age, projected calving date, mature equivalent milk yield, and predicted transmitting ability (heifers only) were assigned to one of two diets (35 primiparous or multiparous cows and 25 pregnant heifers assigned to each diet) in a randomized complete block design (Little and Hills, 1978) . The two test diets (Table 1) contained sorghum silage, alfalfa hay, and concentrate in a 10:56:34 DM ratio and approximately 1.6% Ca on a DM basis. We supplemented one of these diets with limestone (HI-BAL) and the other with CaC12 (LO-BAL) to maintain a constant dietary Ca concentration while lowering the DCAB from +9 to -3; the NRC (1989) mineral requirements for dry cows yield a DCAB of +5. Diets were formulated originally to differ by 26 mEq/lOO g of diet DM; however, analysis of diets upon conclusion of the study revealed a difference of only 12 mEq/100 g. At calving, cows were offered a diet containing alfalfa hay, sorghum silage, whole cottonseed, and concentrate (FRESH; Table 1) for 3 wk. Cows calving more than 1 wk before the projected calving date were removed from the study; other cows were added to replace these animals until a total of 120 animals that had consumed the test diets for at least 2 wk was obtained. The study was conducted for 8 mo to achieve the desired number of test animals. A l l diets were offered for ad libitum consumption twice per day and were formulated to meet or exceed nutrient requirements of dairy cows (NRC, 1989) . Intake of individual cows was recorded daily during the prepartum period, whereas lactating cows were group-fed the FRESH diet.
Sample Collection and Analysis
Blood and urine samples were collected 10 h postfeeding once per week at 3,2, and 1 wk before the expected calving date, within 12 h after parturition, and at 1, 2, and 3 wk postpartum. Blood samples were collected from calves within 12 h after calving, and at 1, 2, and 3 wk postpartum. Blood (12 mLl was collected via jugular venipuncture into two evacuated glass tubes containing Li heparin and immediately placed on crushed ice. One tube was used for blood pH and partial pressure of COz (pCOz) analysis (Model 1304, Instrumentation Laboratory, Lexington, MA) within 2 h of collection; this sample collection procedure for blood pH and gas analysis has been validated (Tucker et al., 199la) . The other tube was centrifuged and plasma was collected for mineral analysis. Urine, collected in polyethylene vials via manual stimulation of the vulva, was placed on crushed ice and pH was measured (Fisher Model 950 pH-ion analyzer, Fisher Scientific, Pittsburgh, PA) within 2 h. Urine was analyzed for C1 and P content, and a 10-mL aliquot was acidified with .3 mL of concentrated HCl. Blood plasma and acidified urine were frozen for mineral analyses. Blood plasma and urine were analyzed for Ca and Mg via atomic absorption spectrophotometry (Model 4000, PerkinElmer, Norwalk, CT), C1 via potentiometric titration (Haake-Buchler Instruments, Saddlebrook, NJ), and inorganic P via spectrophotometry (Inorganic P procedure Number 360-UV, Sigma Diagnostics, St. Louis, MO).
Body condition and udder edema were evaluated weekly from 3 wk before the projected calving date until 3 wk postpartum. Body condition was scored on a scale of 1 to 9, where 1 represented extremely thin and 9 represented extremely obese (Aalseth et al., 1983) . To evaluate edema, we developed a scale of 0 to 10, where 0 represented no edema and 10 represented severe edema. In both scoring systems, half-point gradations were used to increase resolution.
Clinical parturient paresis, as diagnosed by personnel of the Oklahoma State University School of Veterinary Medicine, was categorized as follows: 1) Grade 1, ambulatory but exhibiting weakness or knuckling; 2) Grade 2, sternal recumbency; and 3) Grade 3, lateral recumbency, unable to attain sternal position. Therapy included 500 to 1,000 mL of 23% Ca-gluconate, administered intravenously, plus 500 mL of 23% Ca-gluconate adminis tered subcutaneously.
Samples of the total mixed diets were collected weekly, frozen, and composited by winter and spring seasons at the end of the trial for nutrient analysis via commercial laboratory (NEDHIA, Ithaca, NY). Chloride ion content of diets was determined by potentiometric titration other minerals were analyzed by inductively coupled plasma spectrophotometry. Dry matter composition of the sorghum silage, determined weekly via toluene distillation, was used to maintain a constant ratio of ingredients in the diet DM. Feed intake of individual animals was recorded daily during the 4 wk prepartum; cows were group-fed their PRETRIAL and FRESH diets. calculated from the average a.m. and p.m. milk yield for the week.
Statistical Analysis
Statistical analysis was via least squares ANO-VA, following the GLM procedure of SAS (1982 
Results and Discussion
Evaluation of Cow Responses
Perfomance. Age x diet interactions were not significant for any of the performance responses ( wr"*Y,zMeans within a row with Merent superscripts M e r (P c .05).
100 g of diet DM. dWeek relative to calving; (-1 = prepartum, (+I = postpartum.
X~yszMeans within a row with Merent superscripts differ (P c .05).
*Parity x diet interaction, P c .Om.
salts had no effect on DMI. However, they used a mixture of several anionic salts and offered only two equivalents per cow per day, compared with our three equivalents per cow per day. Tucker et al. (199la) reported that DMI was not affected by dietary supplementation of from 2.2 to 4.8 equivalents of CaC12 per cow per day. However, in that study, dietary N a and K concentrations were higher and, hence, DCAB was higher than in the present study. These responses support the observation of Tucker et al. (1988a) that reductions in DCAB decrease DMI. Reductions in DMI accompanying the feeding of low DCAB diets likely are a result of fixed ion-generated systemic acidosis but may also be related to palatability of the anionic salts. Similar responses have been observed with supplementation of CaC12 in the diets of swine (Yen et al., 1981) . Mature cows produced more milk than heifers (Table 2) ; because milk composition was not affected by age of the cows, milk fat and protein yields also were higher for mature cows than for heifers. Milk fat content was somewhat higher ( P = .OS61 for HI-BAL at 3 wk postpartum, and milk protein content tended to be higher (P = .094) for HI-BAL at 1 wk postpartum. Milk yield (Tucker et al., 1988a) and milk fat content (Ghorbani et al., unpublished datal increase with increasing DCAB. In the present study, performance responses were affected more by the age of the test animals than by the test diet consumed.
Acid-Base Status. Blood H+ was greater for the LO-BAL than for the HI-BAL diet both prepartum and at parturition ( Table 3 ). All cows were switched to the FRESH diet at parturition. At 1 wk postpartum, H+ of heifers that had been fed the LO-BAL diet prepartum seemed to rebound in response to the removal of acidogenic agents from the diet so that blood H+ was lower than that of heifers previously fed the HI-BAL diet. Blood HC03-responses were inversely related to changes in H+, reflecting the metabolic nature of the acid challenge presented by LO-BAL. Interpretation of treatment effects for H+ were virtually identical to those for pH.
Blood HC03-tended to be lower for heifers than for mature cows prepartum; however, this trend was reversed postpartum. Mature cows consumed more DM and produced more milk than did heifers; hence, this reversal may be attributed to higher metabolic acid production by mature cows. Blood pC02 was correlated closely with blood HC03-; it was low prepartum and tended to be high postpartum for animals that consumed LO-BAL prepartum. Similarly, pC02 was lower for heifers than for cows prepartum, but the opposite was true postpartum.
Urine H+ (Table 31 tended to be higher for heifers throughout the study, although the difference was smaller postpartum than prepartum.
This matches changes in the concentrations of blood HC03-and pCO2. The importance of this response is unclear but, because acidosis increases the flow of Ca through the readily exchangeable Ca pool (Takagi and Block, 19881 , it may be an important factor in the superior ability of younger animals to utilize endogenous Ca. Urine H+ was increased sharply by the LO-BAL diet, although this response was more marked for heifers than for mature cows; the influence of the LO-BAL diet disappeared within 1 wk of feeding the FRESH diet. Again, interpretation of treatment effects on urine H+ were quite similar to those for urine pH in this study.
Mineral Metabolism. Plasma Ca (Table 4; Figure   1 ) was higher for LO-BAL than for HI-BAL at parturition only. This response at wk 0 was attributable primarily to an increase in plasma Ca of mature cows; heifers were not affected. Plasma Ca was consistently higher for heifers than for mature cows (Figure 2 ) throughout the study. Prepartum, urinary Ca was higher for LO-BAL and heifers. At parturition, urinary Ca concentration increased for cows previously fed LO-BAL, but this increase was much greater for mature cows than for heifers. The response to LO-BAL disappeared within 1 wk of discontinuing this diet. Oetzel et al. (1988) reported that feeding a low DCAB prepartum increased both ionized and total Ca in serum, although this response was most evident during the periparturient period. Gaynor et al. (1989) reported that their lowest DCAB did not increase plasma Ca prepartum; however, the DCAB of that diet (t-26.5) was higher than that of our HI-BAL diet (+9). Nonetheless, their lowest balance did increase urinary Ca excretion relative to their diet with the highest DCAB. The effects on plasma Ca of feeding a low DCAB during the dry period seem to be short-lived after the cows are switched to a fresh cow diet; nevertheless, these effects can be important. Feeding a low DCAB increases the flow of Ca through the readily exchangeable Ca pool Uakagi and Block, 1988) and increases the concentration of ionized Ca in the blood (Oetzel et al., 1988) . Each of these responses would increase the availability of Ca for metabolic functions. In addition, this increases the amount of Ca presented to the kidneys for filtration, so urinary Ca excretion increases. In our study, urinary Ca concentration increased with increases in plasma Ca, blood H+, and urine H+ ( Table 5) . We believe that increases in urinary Ca excretion typically represent increased availability of Ca for metabolic functions and may be useful to evaluate Ca status. 'NS = P > .lo.
xJ~zMeans within a row with different superscripts differ Lp c .051.
*Parity x diet interaction, P c .052.
Plasma Mg ( Table 4) was lower in wk 0 but higher in wk 1 for LO-BAL. Urinav Mg was lower for LO-BAL in wk 1. Heifers had higher plasma Mg than mature cows until wk +2 and higher urinary Mg concentration throughout the study. Oetzel et al. (1988) reported that feeding a low DCAB increased plasma Mg immediately prepartum, although it had no effect on the day of calving. Similar effects on plasma Mg were observed by Gaynor et al. (1989) . In contrast to our study, they reported that urinary Mg excretion increased with a low DCAl3. Because we did not correct for urinary creatinine excretion, differences in urine volume may have influenced urine mineral concentrations. Urinary Mg concentration was associated positively with plasma Mg concentration in our study (Table 5) .
In agreement with the data of Gaynor et al. (1989) and Oetzel et al. (19881, plasma P was not affected by diet (Table 4) . However, plasma P was 4.8 1 3.8 -- [---) or high [-1 dietary cation-anion balance prepartum plotted against week relative to parturition (wk 0). Bars represent SE for class means.
higher for heifers than for mature cows at wk -1,O, and +2. Similarly, urinary P was higher for heifers throughout the study. Because Ca and P are chemically bound in bone, mobilization of Ca from the bone in response to a low DCAB would be expected to increase availability of P as well. Urinary P concentration was not affected by plasma P concentration (Table 5) ; however, similar to urinary Ca, urinary P was positively associated with increased H+ in both blood and urine.
Despite the markedly higher C1 content of LO-BAL, plasma Cl was not affected by diet (Table 4) ; it was higher for heifers than for mature cows at wk -1 and 0. Urinary Cl concentration typically reflects the C1 content of the diet (Tucker et al., 1988b, 199lb) . In the present study, urinary Cl concentration was increased by LO-BAL. This response seemed to be greater for mature cows than for heifers and disappeared completely for both age groups within 1 wk of cessation of 2 4.0
-3 -2 -1 0 1 2 3 Figure 2 . Plasma Ca for multiparous [---) or primiparous (-) cows plotted against week relative to parturition (wk 0 ) . Bars represent SE for class means. bplasma mineral = plasma concentration of mineral for which urinary excretion is predicted, expressed in the same units as for urinary mineral.
feeding the high-C1 diet. Urinary C1 concentration was somewhat higher for heifers than for mature cows throughout the study and was associated positively with urine H+ CI'able 5).
Excess dietary C1 typically causes systemic acidosis with a concomitant release of buffers and Ca from the bone. In our study, heifers receiving the HI-BAL diet had consistently higher plasma Cl and urinary Cl concentration prepartum than did mature cows receiving the same diet. Absorption of dietary C1 is associated with increased systemic generation of acid (Tucker et al., 1988a) and subsequent bone Ca mobilization; this may be the mechanism that allows heifers to access endogenous Ca more readily than mature cows.
Milk Fever, Retained Placenta, and Uterine Infection. Table 6 presents the incidence of metabolic disorders throughout the study. Heifers did not exhibit clinical symptoms of milk fever, and the frequency of milk fever cases for mature cows seemed to be similar between test diets. Because heifers produce less milk and are more efficient in absorbing Ca than are mature cows (Horst, 19861 , they typically have a lower incidence of milk fever than do aged animals. Feeding a low DCAB during the dry period has either prevented or reduced the occurrence of milk fever (Block, 1984; Oetzel et al., 1988; Gaynor et al., 1989) ; this response has been evaluated most thoroughly with dietary Ca concentrations <1%, but it has also been demonstrated with dietary Ca as high as 1.81% (Beede et al., 1991) . Our LO-BAL diet had a DCAB of -3. The absence of a prophylactic effect of the LO-BAL, diet on milk fever in the present study contrasts with the complete elimination of milk fever observed by Block (1984) for a diet with a DCAB slightly < 0; the primary differences between these two studies is that our dietary Ca concentrations were much higher and the differential between our high and low DCAB was much smaller. In our study, the occurrence of retained placenta and uterine infection was not affected by age of the animals or by the test diets consumed.
Udder Edema and Body Condition Scores. Previous research (Keiss et al., 1987; Beede et al., 1991) has failed to identify any correlation between DCAB and udder edema. However, Beede et al. (1991) evaluated edema only during the dry period. In the present study, udder edema was not reduced by LO-BAL, during the dry period, but it seemed to regress more rapidIy postpartum for animals previously fed LO-BAL than for those fed HI-BAL (Table 7) ; this response was more evident at 2 wk postpartum. High dietary concentrations of Na and K have been implicated in the development of udder edema (Nestor et al., 1988) . Diets with high DCAB typically contain high concentrations of Na or K and, therefore, might be expected to enhance the development of edema. In our study, test diets were formulated to contain similar concentrations of dietary Na and K; however, Cl was markedly lower (.7% vs 1.1%) for HI-BAL. The effects of Na and K on the development of edema might be influenced by dietary Cl concentration.
Udder edema scores were consistently higher for heifers than for mature cows prepartum ( Table  7) but edema seemed to regress more rapidly for heifers than for mature cows. Moreover, the final edema score (wk +31 was lower for heifers. Although heifers typically develop more severe edema than do mature cows (Erb and Grohn, 19881 , the absence of previous mastitis infections and physical damage often encountered during lactation may speed removal of lymph fluid from interstitial spaces in the mammary gland.
Body condition scores (Table 7 ) were not affected by diet but were higher for mature cows than for heifers through wk +1. By wk +2, body condition scores were similar for these groups; hence, mature cows lost more condition than heifers during the frst 3 wk postpartum. Wildman et al. (1982) reported that body condition scores were lowest during the first 80 d postpartum; moreover, body condition score was not affected by age at calving.
Evaluation of Calf Responses
Acid-Base Status. Table 8 presents the effects of age of the dam and diet consumed by the dam prepartum on acid-base status of the calf. Blood H+ was somewhat lower throughout the study for calves from cows consuming LO-BAL. This contrasts with the higher blood H+ for cows consuming LO-BAL and is difficult to explain. The low H+ for LO-BAL calves was accompanied by slightly lower blood pC02, whereas blood HC03-and total C 0 2 did not seem to be affected by diet of the dam.
Dystocia typically induces hypercapnia and respiratory acidosis in calves (Besser et al., 19001, and dystocia occurs more frequently with heifers than with mature cows. However, in our study, blood p02 and pC02 were similar for calves from heifers and those from mature cows. Nonetheless, blood H+ was higher and blood HC03-was lower at parturition for calves from heifers than those from mature cows, indicating that the former were exposed to a more severe acid stress at parturition.
Mineral Metabolism. were not significant (P > .lo).
Implications
Within the range of balances evaluated in this study, the cation-anion balance of the diet fed to dry cows did not seem to affect systemic acid-base status or mineral metabolism of their neonatal calves. To prevent the occurrence of milk fever when high-Ca diets are fed to dry cows, dietary cation-anion balance apparently must be reduced below -3 mEq/100 g of diet dry matter. ' N S = P > .lo. 
